Despite the widespread use of Mycobacterium bovis BCG, the only licensed vaccine against tuberculosis (TB), TB remains a global epidemic. To assess whether more direct targeting of the lung mucosa by respiratory immunization would enhance the potency and longevity of BCG-induced anti-TB protective immunity, the long-term impact of intranasal (i.n.) BCG vaccination was compared to conventional subcutaneous (s.c.) immunization by using a mouse model of pulmonary tuberculosis. Although significantly improved protection in the lung was seen at early time points (2 and 4 months postvaccination) in i.n. BCG-immunized mice, no differences in pulmonary protection were seen 8 and 10 months postvaccination. In contrast, in all of the study periods, i.n. BCG vaccination induced significantly elevated protective splenic responses relative to s.c. immunization. At five of nine time points, we observed a splenic protective response exceeding 1.9 log 10 protection relative to the s.c. route. Furthermore, higher frequencies of CD4 T cells expressing gamma interferon (IFN-␥) and IFN-␥/tumor necrosis factor alpha, as well as CD8 T cells expressing IFN-␥, were detected in the spleens of i.n. vaccinated mice. Using PCR arrays, significantly elevated levels of IFN-␥, interleukin-9 (IL-9), IL-11, and IL-21 expression were also seen in the spleen at 8 months after respiratory BCG immunization. Overall, while i.n. BCG vaccination provided short-term enhancement of protection in the lung relative to s.c. immunization, potent and extremely persistent splenic protective responses were seen for at least 10 months following respiratory immunization.
M
ore than a century after Robert Koch first described how to culture tubercle bacilli, Mycobacterium tuberculosis remains one of the most successful human pathogens and a major global public health threat. According to the recent WHO global tuberculosis (TB) report, 1.3 million people died from TB in 2012 and 8.6 million new cases of the disease were detected (1) . Next to HIV, TB is the most important cause of death from an infectious agent in low-income countries. Recommended by the WHO, live, attenuated Mycobacterium bovis BCG is the only TB vaccine approved for human use, being administered intradermally (i.d.) to more than 70% of children worldwide (2) . Although i.d. BCG vaccination has been shown to be effective in preventing severe forms of extrapulmonary TB, its ability to protect against pulmonary TB in controlled clinical trials has been highly variable (0 to 80%) (3) (4) (5) . Importantly, it has been estimated that i.d. BCG immunization prevents only about 5% of vaccine-preventable deaths (6) . Clearly, novel, more effective TB immunization strategies are needed.
Despite 9 decades of BCG vaccine use, the optimal vaccine dose and route of administration have not been fully defined. Since TB is primarily a pulmonary infection, respiratory BCG immunization has long been considered an attractive alternative to i.d. vaccination. With immune lymphoid mucosal and bronchial tissues being targeted by respiratory immunization, it is possible that direct vaccination at pulmonary sites is superior to vaccination by other routes for inducing protective responses against infectious diseases of the lung. However, preclinical studies in animal models of TB that have compared the intranasal (i.n.) BCG vaccination route with injections of BCG through the skin (i.d. or subcutaneously [s.c.]) have yielded contradictory protection results. Several primarily short-term studies have shown that i.n. BCG vaccination is more effective than s.c. immunization, while other experiments have failed to demonstrate the superiority of the i.n. BCG vaccination route (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Overall differences in study protocols, including various vaccination-challenge time periods and postchallenge evaluation time frames, have confounded the interpretation of comparative i.n. versus s.c. immunization protection experiments. Interestingly, these earlier studies have shown that BCG can be administered safely by the respiratory route. Aerosolized BCG given to guinea pigs and monkeys elicited minimal harmful side effects (7, 8, 12) . More importantly in humans, BCG administered by the respiratory route to healthy adults and children, including patients with metastatic lung cancer, did not yield severe side effects, obvious BCG infections, or significant changes in pulmonary function (17) (18) (19) . However, in these small studies, no clinical benefit of using aerosolized BCG has been shown thus far.
Given the extensive global coverage of BCG immunization and the protection i.d. BCG vaccination confers against severe disseminated forms of childhood TB, prime-boost strategies are being developed to boost BCG-induced anti-TB responses (20) . However, the recent disappointing results of an MVA85 BCG boosting trial have suggested that other novel vaccination protocols must be tested, including alternative routes of administration (21) . In this study, we reevaluated the preclinical effectiveness of i.n. BCG immunization in long-term murine vaccination-challenge studies. Here we show that while i.n. BCG immunization confers improved short-term pulmonary protection against an aerosol M. tuberculosis challenge relative to that afforded by s.c. BCG vaccination, the i.n. route confers considerable long-term protection in reducing M. tuberculosis dissemination from the lungs to distal sites such as the spleen.
MATERIALS AND METHODS
Animals. C57BL/6 female mice (6 to 8 weeks of age) were obtained from the Jackson Laboratories (Bar Harbor, ME). All of the mice used in this study were maintained under appropriate conditions at the Center for Biologics Evaluation and Research, Bethesda, MD. This study was done in accordance with the guidelines for the care and use of laboratory animals specified by the National Institutes of Health. This protocol was approved by the Institutional Animal Care and Use Committee of the Center for Biologics Evaluation and Research.
Vaccinations. Mice were immunized s.c. or i.n. with 5 ϫ 10 5 CFU of BCG Pasteur strain originally obtained from the Trudeau Institute (Saranac Lake, NY). For i.n. immunizations, mice were anesthetized with ketamine and xylazine; this was followed by delivery of the bacterial solution into the nares in a volume of 40 l. Subcutaneous immunizations were done by delivering 200 l of the bacterial suspension into the back.
Evaluation of vaccine-induced protective immunity. At various time points postimmunization, five mice per group were infected with M. tuberculosis Erdman by aerosol at a concentration known to deliver about 200 CFU into the lungs over a 30-min exposure in a Middlebrook chamber (Glas Col, Terre Haute, IN). At each time point, the lungs and spleens were homogenized separately in phosphate-buffered saline (PBS) with 0.05% Tween 80 with a Seward Stomacher 80 blender (Tekmar, Cincinnati, OH). The homogenates were serially diluted in PBS plus 0.05% Tween 80 and plated on Middlebrook 7H11 agar (Difco) plates containing 10% oleic acid-albumin-dextrose-catalase enrichment medium (Becton Dickinson, Sparks, MD), 10 g/ml ampicillin, 50 g/ml cycloheximide, and 2 g/ml 2-thiophenecarboxylic acid hydride (TCH) (Sigma, St. Louis, MO). The addition of this concentration of TCH to the agar plates inhibits BCG growth but has no effect on M. tuberculosis growth. Plates were incubated at 37°C for 14 to 17 days before counting to determine the number of mycobacterial CFU per organ.
Flow cytometry. By multiparameter flow cytometry, four or five BCG-vaccinated mice were used to determine the frequency of CD4 ϩ or CD8 ϩ monofunctional gamma interferon-positive (IFN-␥ ϩ ) T cells or multifunctional T (MFT) cells induced at 2 months after s.c. or i.n. BCG immunization. Unvaccinated (naive) mice served as the negative control. The splenic T cell responses of naive and vaccinated mice were measured as previously described (22) . Following 36 to 40 h of incubation with BCG (multiplicity of infection [MOI] ϭ 0.02), the spleen cells were incubated with GolgiPlug (1.0 l/ml/well of a 24-well plate; BD Biosciences, San Jose, CA) for 4 h. Unbound cells were then removed from the wells and transferred to tubes (12 by 75 mm), washed with PBS, and resuspended in 50 l of PBS. Violet live-dead stain (10 l of a 1:100 dilution; Invitrogen, Carlsbad, CA) was added to each tube, which was then incubated for 30 min at 4°C to allow for gating on viable cells. After the cells were washed with PBS plus 2% fetal bovine serum (FBS), an antibody (Ab) against CD16/CD32 (Fc␥III/II receptor, clone 2.4G2) (Fc block) was added in a volume of 50 l and the cells were incubated at 4°C for 15 min. The cells were then stained for 30 min at 4°C by adding Abs against the CD4 (Alexa Fluor 700-conjugated rat anti-mouse CD4 Ab, clone RM4-5), and CD8 (peridinin chlorophyll protein complex-conjugated rat anti-mouse CD8 Ab, clone 53 to 6.7) proteins at 0.1 and 0.4 g per tube, respectively. Following incubation, the cells were washed twice with PBS-FBS and then fixed for 30 min at 4°C with 2% paraformaldehyde in PBS. Fixed cells were washed twice with perm-wash buffer (1% FBS, 0.01 M HEPES, and 0.1% saponin in PBS); this was followed by intracellular staining with the following Abs at 0.2 g per tube in a 50-l volume: phycoerythrin-conjugated rat anti-mouse IFN-␥ Ab, clone XMG1.2; fluorescein isothiocyanate-conjugated rat anti-mouse tumor necrosis factor alpha (TNF-␣) Ab, clone MP6-XT22; and allophycocyanin-conjugated rat anti-mouse interleukin-2 (IL-2) Ab, clone JES6-5H4. The cells were then incubated at 4°C for 30 min and washed twice with perm-wash buffer and twice with PBS-FBS. All Abs were obtained from BD Bioscience.
Lung T cell responses were determined by disrupting the lung tissue from naive or immunized mice with razor blades and incubating it with type I collagenase (0.7 mg/ml; Invitrogen, Carlsbad, CA) for 1 h. The lung homogenates were then passed through a 70-m cell strainer to removed tissue clumps. The cells were pelleted and resuspended in 5 ml ACK lysing buffer (Lanza, Walkersville, MD) for 1 min to deplete the cell suspension of erythrocytes. After washing, the cells were counted and 2 million viable lung cells per well were added to a 96-well plate with 10 g ampicillin and BCG (MOI ϭ 0.5) in a 0.2-ml volume of Dulbecco's modified Eagle's medium with 10 mM HEPES, 2.0 mM L-glutamine, 0.1 mM minimum essential medium nonessential amino acids, and 10% FBS. After overnight incubation, GolgiPlug was added to the wells and the plate was incubated for an additional 4 h. The nonadherent cells were then harvested and stained with live-dead stain and fluorescent Abs as described above for surface and intracellular staining.
Cytokine responses from stimulated spleen and lung cells were determined with a LSRII flow cytometer (Becton Dickinson) and FlowJo software (Tree Star Inc., Ashland, OR). We acquired 250,000 events per sample and then, by using FlowJo, gated on live, single lymphocytes. PCR array. In order to obtain a more comprehensive evaluation of overall cytokine responses following s.c. or i.n. immunization with BCG, a PCR array was performed with separate stimulated spleen or lung singlecell suspensions described above from the same four or five BCG-vaccinated mice. Total RNA was isolated from the cells with an RNeasy Plus minikit (Qiagen, Valencia, CA). Equal amounts of RNA from each sample were then reverse transcribed to cDNA with a High Capacity RNA to cDNA kit (Applied Biosystems, Foster City, CA). The quality of the cDNA conversion was confirmed by performing PCR assays of individual samples with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers. To quantitate cytokine responses, the expression levels of 84 cytokines were evaluated with the RT2 profiler PCR array mouse common cytokine and cytokine/chemokine 96-well PCR plates (SABiosciences) and an Applied Biosciences ViiA sequence detection system. The mRNA expression level obtained for each gene was normalized to the expression of the GAPDH housekeeping gene by using the following equation: relative mRNA expression ϭ 2 Ϫ(CT of cytokine Ϫ CT of GAPDH) (where C T is the threshold cycle). The normalized gene expression levels in experimental samples (relative to the levels for naive controls) were determined by dividing the relative gene expression values in vaccinated animals by the expression levels in naive controls. Each reported cytokine or chemokine value represents the mean increase (or decrease) in mRNA expression relative to the levels for naive controls in four experiments.
Lung inflammation assessment. In order to measure the level of inflammation in the lungs after s.c. or i.n. BCG vaccination, hematoxylinand-eosin (H&E)-stained lung sections were evaluated 1 month after the M. tuberculosis challenge as previously described (23) . Using the Image Pro Plus computer program (Media Cybernetics, Silver Spring, MD), we assessed the level of inflammation present in images obtained from a Nikon Optiphot 2 microscope fitted with a camera. In these images, the inflamed areas stained darker than the noninflamed areas. On the basis of these differences, we assigned the inflamed areas the color red, the noninflamed areas the color green, and the background the color yellow. The percentage of the lung sections colored red, green, or yellow was then determined by the computer software. To quantitate the percentage of the area inflamed, the mean percentage of the area colored red from five lung sections of each of the different groups was determined.
Statistical analysis. The GraphPad Prism 5 program was used to analyze the data for these experiments (GraphPad Software, San Diego, CA). The vaccination-challenge protection data, the CD4 ϩ and CD8 ϩ T cell flow cytometry results, and the PCR array data were evaluated by unpaired t-test analysis.
RESULTS

Long-term protective responses induced by i.n. and s.c. BCG immunizations.
To compare the relative effectiveness of i.n. and s.c. BCG vaccinations with that of aerosol infection with M. tuberculosis, C57BL/6 mice were vaccinated with BCG by the i.n. and s.c. routes of administration, challenged from 2 to 10 months after vaccination, and sacrificed 1 to 6 months postchallenge. The lung protection results are summarized in Table 1 . At 2 months postvaccination and 1 month postchallenge, typical 1-log 10 reductions in mycobacterial burdens were seen in the lungs of s.c. BCG-vaccinated mice (compared to naive controls). However, significantly better (P Ͻ 0.05) protection (Ͼ2 log 10 ) was detected in the lungs of i.n. BCG-vaccinated animals at the same time point. At the 2-month postvaccination and 3-and 6-month postchallenge time points, the pulmonary protective responses seen in the i.n. BCGvaccinated mice were also significantly elevated relative to those of s.c. BCG-immunized mice and naive controls. Overall, at 2 months postvaccination, i.n. BCG vaccination induced significantly higher levels of protection in the lungs of C57BL/6 mice than did s.c. BCG immunization.
The superiority of the i.n. immunization route to the s.c. route seen at 2 months postvaccination was generally not seen at 4, 8, and 10 months postvaccination. At these later time points, pulmonary protective responses were significantly increased in both experimental groups relative to those of naive controls, but for five of six time points, no differences were detected in mice vaccinated with BCG by the i.n. or s.c. route. In these longer-term studies, pulmonary protection was significantly increased only in the i.n. versus s.c. BCG vaccine groups at 4 months postvaccination and 3 months postchallenge.
As shown in Table 2 , significantly improved protection was seen in the spleens of i.n. BCG-vaccinated mice relative to those of s.c. immunized animals at 2 months postvaccination. At this early postvaccination time point, i.n. immunization induced Ͼ2 log 10 protection in the spleen at 1 and 6 months postchallenge. Interestingly, increased protection in the spleen was also observed in the i.n. BCG-vaccinated group when the mice were aerogenically infected with M. tuberculosis at 4, 8, and 10 months postvaccination. While the s.c. route-induced protection was somewhat variable at later time points but significantly improved relative to naive controls even at 10 months postvaccination, i.n. BCG immunization evoked protective responses in the spleen that were significantly better than those evoked by s.c. BCG vaccination at all of these later time points. Surprisingly, for three of six later time points (and five of nine total) the splenic protective immune responses elicited by i.n. BCG vaccination exceeded 1.9 log 10 protection.
Lung pathology evaluation after vaccination and challenge. To further assess the safety and effectiveness of i.n. BCG vaccination, semiquantitative computer-based pathology analysis of H&E-stained lung sections from vaccinated and naive mice was done following aerosol M. tuberculosis infection (24) . As shown in Table 3 , the inflammation values of the two vaccination groups were nearly identical and significantly lower than those of the naive controls at 2 months postvaccination and 1 month postchallenge. Similarly, the lung pathology inflammation values of the two immunization groups were again lower than those of nonvaccinated controls at 8 months postvaccination and 1 month postchallenge. Overall, although differences in inflammation values were not detected in the lung pathology analysis of the two vaccination groups, there was no evidence of increased inflammation from the i.n. BCG immunization. For representative micrographs of H&E-stained lung sections along with computer-generated images, see multiparameter flow cytometry. In these studies, we focused on the analysis of MFT cells (expressing IFN-␥ plus TNF-␣ and/or IL-2) because earlier studies had suggested that the induction of MFT cells was crucial for controlling infections by intracellular pathogens (25) . At 3 months postvaccination, cells were removed from the lungs of naive or BCG-immunized mice, stimulated overnight with BCG, and then stained by the intracellular cytokine staining procedures described in Materials and Methods. As shown in 3 ) immunized mice than in naive controls. Importantly, for IFN-␥ ϩ CD4 ϩ T cells, significantly higher frequencies (about 3-fold) were seen in the lungs of the i.n. vaccinated groups than in s.c. immunized animals.
At 3 months postvaccination, increased frequencies of vaccineinduced lung CD8 ϩ T cells were also observed (Fig. 1B) . The concentrations of IFN-␥ ϩ CD8 ϩ T cells in i.n. BCG-vaccinated mice were significantly higher (P Ͻ 0.05) than in naive controls (15-fold) and s.c. BCG-vaccinated mice (5-fold). Additionally, the relative frequencies of IFN-␥ ϩ /TNF-␣ ϩ CD8 ϩ T cells were elevated in i.n. (66-fold) and s.c. (52-fold) BCG-immunized mice.
The immune mechanisms associated with the protective responses induced by i.n. and s.c. BCG vaccinations were further evaluated by PCR arrays. At 3 months postvaccination, cells were removed from lungs and stimulated ex vivo with BCG overnight. Then, following RNA extraction, cDNA was generated and applied to PCR arrays designed to assess the expression of cytokine and chemokine genes. Table 4 shows the average gene expression data from at least four different experiments where the gene expression results are represented as values normalized to those of naive controls. In the lung, although only a few genes were consistently upregulated relative to those of controls, significantly elevated levels of IFN-␥, IL-12, IL-21, and lymphotoxin alpha (Lt␣) gene expression were seen in the vaccinated animals. Importantly, all of these genes were more highly expressed in i.n. BCG-vaccinated mice than in s.c. BCG-immunized animals. Splenic T cell responses at 3 and 8 months postvaccination. Since long-term increased anti-TB protective responses were seen in the spleens of i.n. BCG-vaccinated mice, we evaluated splenic responses to i.n. and s.c. BCG vaccinations at 3 and 8 months postimmunization by flow cytometry and PCR arrays. Compared to the lung results, a more extensive pattern of CD4 T cell induction was detected in the spleens of vaccinated mice at 3 months postvaccination ( Fig. 2A) . Again, increased frequencies of CD4 ϩ T cells expressing either IFN-␥ or IFN-␥ and TNF-␣ were significantly higher (15-to 40-fold) in BCG-vaccinated mice than in naive controls. The splenic levels of the IFN-␥ ϩ and IFN-␥ ϩ / TNF-␣ ϩ CD4 ϩ T cells were also significantly higher (2.5-and 3-fold, respectively) in i.n. BCG-immunized mice than in the s.c. BCG vaccination group. Additionally, in the spleens of i.n. and s.c. BCG-vaccinated mice, relatively higher frequencies of CD4 ϩ T cells expressing IFN-␥ and IL-2 (75-and 35-fold, respectively) (not shown) and TP IFN-␥ ϩ /TNF-␣ ϩ /IL-2 ϩ (16-and 14-fold, respectively) CD4 ϩ T cells were detected. In contrast to the splenic CD4 T cell responses, the vaccineinduced pattern of CD8 ϩ T cell responses at 3 months postvaccination was not complex. Only the frequency of monofunctional CD8 ϩ T cells expressing IFN-␥ was significantly higher in i.n. BCG-vaccinated mice than in s.c. BCG-immunized and nonvac- cinated animals (15ϫ higher than in naive controls, 2.5ϫ higher than in s.c. BCG-vaccinated mice, P Ͻ 0.05) (Fig. 2B) . At 8 months postvaccination, exceedingly high frequencies of vaccine-induced monofunctional IFN-␥ ϩ splenic T cells from the BCG i.n. group were detected in both the CD4 ϩ and CD8 ϩ T cell subsets ( Fig. 3A and B) . Significantly higher frequencies of IFN-␥ ϩ CD4 ϩ T cells were seen in i.n. BCG-vaccinated mice (12%) than in s.c. BCG-immunized (2.5%) and naive (0.4%) mice.
PCR array experiments showed that a more diverse group of genes were upregulated in the spleen at 3 months after BCG vaccination (Table 5 ). In addition to increased expression of IFN-␥, IL-2, and Lt␣, elevated levels of colony-stimulating factor 2 (CSF2), IL-3, IL-5, IL-9, IL-13, IL-21, IL-24, IL-27, leukemia inhibitory factor (LIF), and tumor necrosis factor superfamily member 15 (TNFS15) were also seen. In contrast to the pulmonary results, no statistically significant differences between the two BCG vaccination groups were observed. Interestingly, at least 10-fold increases (relative to controls) in genes expressing IFN-␥, IL-2, IL-3, IL-9, and IL-21 were detected in one or both vaccination groups.
To further evaluate the long-term protection observed in the spleen after i.n. BCG vaccination, we analyzed the gene expression patterns in spleen cells at 8 months postvaccination by using PCR arrays. The increased expression of many of the same genes detected at the 3-month time point was seen at this later time. In the spleen cells of i.n. BCG-vaccinated mice, elevated relative expression of IFN-␥, IL-2, IL-3, IL-9, IL-11, IL-13, IL-21, and Lt␣ was observed (Table 6) . Of these genes, the expression of those for IFN-␥, IL-9, IL-11, and IL-21 was significantly higher in the spleen cells of i.n. BCG-vaccinated mice than in those of s.c. BCG-vaccinated mice at 8 months postvaccination.
DISCUSSION
Respiratory vaccination with BCG has been considered a potential alternative to i.d. BCG immunization against TB for nearly 50 years, but large clinical trials designed to demonstrate the effectiveness of aerosolized BCG vaccination have not been pursued. No doubt the lack of a validated delivery device for the administration of aerosolized BCG has hindered the clinical evaluation of this vaccination route. In a review, Tonnis et al. discussed the technical hurdles associated with the delivery of vaccines (including BCG) into the lungs and examined the merits and weaknesses of different inhalation devices (26) . Clearly, technological advances are required for the routine pulmonary delivery of BCG; however, the advent of an influenza vaccine licensed for i.n. administration (FluMist) has provided optimism that these technical advances are achievable for other vaccines.
Another reason for the lack of interest in evaluating the clinical efficacy of respiratory BCG vaccination has been the inconsistent results observed in animal models. While several investigators have concluded from preclinical studies that aerosol infection The relative expression of all of these genes was significantly greater than that of naive controls (P Ͻ 0.05). b Gene expression in the BCG i.n. group was significantly greater than that in the BCG s.c. group. with BCG enhances protection against a subsequent M. tuberculosis challenge, others have reported that respiratory BCG immunization does not induce greater protective responses than standard i.d. or s.c. BCG vaccination (7) (8) (9) (10) (11) (12) (13) (14) . Differences in study designs, including various vaccination-challenge intervals and contrasting postchallenge evaluation periods, may have contributed to these conflicting results. Given these confusing data and the recent disappointing clinical results with the MVA85 BCG boosting vaccine, we reexamined the protective activity of the respiratory route of BCG admin- istration in a long-term study (21) . In contrast to previous studies, we undertook an exhaustive evaluation of protection by looking at long-term efficacy after vaccination (up to 10 months) and an aerosol challenge (up to 6 months). We also initiated a more comprehensive evaluation of the immune responses in lungs and spleens comparing the s.c. and i.n. immunization routes by using multiparameter flow cytometry and PCR arrays at different time points postimmunization.
Novel to our study, although i.n. delivery of BCG induced only modestly persistent protection in mouse lungs, protective responses in mouse spleens were significantly improved relative to s.c. immunizations over 10 months postvaccination. For example, consistent with short-term studies by Aguilo et al., Chen et al., and Giri et al., who showed that pulmonary administration of BCG was superior to the s.c. route in terms of protection in the lungs at early time points postvaccination, our pulmonary protection results were significantly better for the i.n. route than for the s.c. route at 2 and 4 months postvaccination (14, 16, 27) . However, no differences in lung postchallenge protective responses were seen at 8 and 10 months postvaccination. The early pulmonary protection data are consistent with the flow cytometry and gene expression data, since we show that at 3 months postvaccination, significantly higher relative frequencies of CD4 T cells producing IFN-␥ or IFN-␥ and TNF-␣ were detected and elevated levels of IFN-␥, IL-12, IL-21, and Lt␣ were seen in the lungs of i.n. vaccinated mice.
Surprisingly, significantly increased relative protection in the spleen was seen in i.n. BCG-vaccinated mice at all study time points, including at 8 and 10 months postvaccination. The strong splenic protection exceeded 1.9 log 10 (relative to naive controls) in five of the nine test periods. Similarly, Nuermberger et al. showed (at 6 weeks after M. tuberculosis infection) that there was virtually no detectable dissemination to the spleen after an M. tuberculosis challenge of mice that had been aerogenically vaccinated with BCG (15) . The mechanisms of the enhanced protection in the spleen in BCG-vaccinated mice are uncertain and difficult to interpret. Interestingly, our flow cytometry and PCR array data suggest that i.n. BCG immunization could curtail relative spleen bacterial growth through the improved expression of protective immunity in the spleen itself. At both 3 and 8 months postvaccination, greater cellular responses were detected in the spleens of i.n. BCG-vaccinated mice than in s.c. BCG-immunized animals.
In particular, at 8 months postvaccination, when strong persistent protective responses were still observed in the spleen, exceedingly high IFN-␥ responses were detected by flow cytometry and PCR analysis in spleen cells of i.n. BCG-vaccinated mice. Two recent studies have suggested how the targeted delivery of vaccines to the lung can lead to improved protection at distal sites. Ciabattini et al. showed that following i.n. immunization of mice, antigen-specific proliferating T cells were observed in the distal lymph nodes and the spleen (28) . Importantly, Ruane et al. reported that lung dendritic cells targeted by i.n. immunization induced the migration of protective T cells to the gastrointestinal tract, leading to protection against an enteric Salmonella challenge (29) . Similar mechanisms could generate long-term anti-TB immunity in the spleen after i.n. BCG immunization. Furthermore, i.n. BCG immunization may induce better protection at distal sites because respiratory immunization may more efficiently allow trafficking of BCG bacilli to lymph nodes. The presence of BCG in relevant lymph nodes is likely critical for the development of strong and durable protective immunity. Wolf et al. have shown (in an M. tuberculosis infection model) that the initiation of anti-TB adaptive immune responses is dependent on antigen production in the lymph nodes and not the lungs (30) . We have recently demonstrated that while the biodistribution of BCG bacilli after s.c. vaccination was highly variable in murine lungs and spleens, live BCG was consistently found in the lymph nodes for at least 1 year after immunization in mice that protected against an M. tuberculosis challenge (S. Derrick, unpublished results). Long-term studies assessing the biodistribution of BCG in relevant organs following i.n. immunization are currently ongoing.
Although most of the upregulated immune response molecules detected in our gene expression studies have been previously reported to be induced by BCG vaccination, surprisingly, substantially increased levels of IL-3 and IL-9 were seen in both vaccination groups. It is unusual to detect IL-3 and IL-9 expression in response to BCG vaccination. IL-3 is referred to as CSF because it stimulates the differentiation of multipotent hematopoietic stem cells and the proliferation of myeloid cells in conjugation with other cytokines. While a role for IL-3 in the pathogenesis of TB has not been established, IL-3 has been shown to support human The relative expression of all of these genes was significantly greater than that in naive controls (P Ͻ 0.05).
alveolar macrophage development and human immune responses in the lungs of human IL-3/granulocyte macrophage CSF knock-in mice (31) . Similarly, while IL-9 has been associated with impaired Th1 immune responses in TB patients, its role in M. tuberculosis pathogenesis is unknown (32) . Generally, IL-9 has been shown to promote the survival of a variety of different cell types, including T cells (33) (34) (35) . Recently, Turner et al. demonstrated that IL-9 mediated the survival of innate lymphoid cells, which contributed to the restoration of tissue integrity and the reduction in lung inflammation observed after a helminth infection (36) . Given that IL-3 and IL-9 may influence lung function, specific studies focusing on the impact of these cytokines on BCG vaccination of M. tuberculosis infection is clearly warranted. Taken together, our data show that i.n. BCG vaccination induces a complex immune response and protection profile. Administration of BCG to mice by the i.n. route clearly evokes longlived protective responses that reduce M. tuberculosis infections at extrapulmonary sites. However, while elevated anti-TB protection in murine lungs is seen early after i.n. BCG vaccination, the enhanced pulmonary protection (relative to that afforded by s.c. immunization) is not persistent. Given the undetermined clinical benefit, the possible risks associated with aerosolized BCG administration should be carefully and thoroughly considered before the initiation of clinical trials. However, since the advent of improved aerosol delivery devices should reduce potential safety concerns, the increased overall potency of the i.n. route of BCG immunization should encourage further investigation of this vaccination approach.
